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ABSTRACT
Cosmological simulations of galaxy formation appear to show a ’two-phase’ character with a rapid
early phase at z&2 during which ’in-situ’ stars are formed within the galaxy from infalling cold gas
followed by an extended phase since z.3 during which ’ex-situ’ stars are primarily accreted. In the
latter phase massive systems grow considerably in mass and radius by accretion of smaller satellite
stellar systems formed at quite early times (z > 3) outside of the virial radius of the forming central
galaxy. These tentative conclusions are obtained from high resolution re-simulations of 39 individual
galaxies in a full cosmological context with present-day virial halo masses ranging from 7×1011M⊙h−1
. Mvir . 2.7 × 1013M⊙h−1 (h=0.72) and central galaxy masses between 4.5 × 1010M⊙h−1 . M∗ .
3.6× 1011M⊙h−1. The simulations include the effects of a uniform UV background, radiative cooling,
star formation and energetic feedback from SNII. The importance of stellar accretion increases with
galaxy mass and towards lower redshift. In our simulations lower mass galaxies (M∗ . 9×1010M⊙h−1)
accrete about 60 per cent of their present-day stellar mass. High mass galaxy (M∗ & 1.7×1011M⊙h−1)
assembly is dominated by accretion and merging with about 80 per cent of the stars added by the
present-day. In general the simulated galaxies approximately double their mass since z=1. For massive
systems this mass growth is not accompanied by significant star formation. The majority of the in-situ
created stars is formed at z > 2, primarily out of cold gas flows. We recover the observational result
of ’archaeological downsizing’, where the most massive galaxies harbor the oldest stars. We find that
this is not in contradiction with hierarchical structure formation. Most stars in the massive galaxies
are formed early on in smaller structures, the galaxies themselves are assembled late.
Subject headings: cosmology: theory – dark matter – galaxies: evolution – galaxies: formation –
methods: numerical
1. INTRODUCTION
Our understanding of galaxy formation has made great
advances in the last two decades driven - primarily -
by technological progress. Both ground and sky based
measurements have allowed direct observation of various
phases of galaxy formation and evolution over cosmic
time with some detailed information now available at
redshifts z > 2 (e.g. Steidel et al. 1999; Pettini et al.
2001; Genzel et al. 2006; Fo¨rster Schreiber et al. 2006;
Trujillo et al. 2007; Kriek et al. 2008; van Dokkum et al.
2008; Marchesini et al. 2009; Fo¨rster Schreiber et al.
2009). Simultaneously with a quite definite cosmological
model (ΛCDM , e.g. Spergel et al. 2007, Komatsu et al.
2010) having gained wide acceptance, we can, with in-
creasing accuracy, simulate the evolution of galaxies
from realistic initial conditions, with numerical reso-
lution (in mass, space, and time) and physical mod-
eling approaching the necessary degree of refinement
(e.g. Sommer-Larsen et al. 2003; Springel & Hernquist
2003; Springel 2005; Nagamine et al. 2005; Naab et al.
2007; Governato et al. 2007; Piontek & Steinmetz 2009;
Scannapieco et al. 2009; Sawala et al. 2010; Agertz et al.
2010; Schaye et al. 2010)
The overall results are reassuring, with simula-
tions and observations agreeing - in gross outline
- as to the time evolution of star/galaxy forma-
tion (e.g. Nagamine et al. 2006; Schaye et al. 2009)
as well as the global attributes of the galaxies
such as luminosity distribution and spatial organi-
zation (e.g. Cen & Ostriker 1999; Kauffmann et al.
1999; Somerville & Primack 1999; Springel et al. 2005;
Keresˇ et al. 2009a; Guo et al. 2010a). Understanding
the development of the internal structures of galax-
ies has been far more difficult to achieve with respect
to the galactic stellar mass fractions (e.g. Keresˇ et al.
2009a; Guo et al. 2010b) as well as kinematics and mor-
phologies (e.g. Abadi et al. 2003; Governato et al. 2010;
Feldmann et al. 2010).
The terms with which we might usefully de-
scribe such development are still controversial (e.g.
Meza et al. 2003; Naab et al. 2007; Governato et al.
2007; Piontek & Steinmetz 2009). In a hierarchically or-
ganized universe it has been natural to focus on over-
dense ’lumps’ of dark matter gas or stars and to fol-
low the merger history of these lumps. A recent paper
by Hopkins et al. (2009) shows how useful this picture
can be. But this is not the only description of galaxy
formation. For example Keresˇ et al. (2005, 2009b) and
Dekel et al. (2009b) have focused on how convergent cold
streams of gas lead to early star bursts and the formation
of the cores of massive galaxies. Naab et al. (2007, 2009),
Joung et al. (2009) and others have used high resolution
hydro simulations to explore this phase in greater detail
(see also Meza et al. (2005) for the accretion histories of
stellar halos of disk galaxies).
One fundamental and useful distinction is to examine if
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a given star in the final galaxy was made (from gas) close
to the center of the final system or, alternatively, near
the center of some other, distant system and accreted in
stellar form to the final galaxy. This distinction is use-
ful, e.g. for understanding the size evolution of massive
galaxies (Khochfar & Silk 2006a; Naab et al. 2007, 2009;
Bezanson et al. 2009; Nipoti et al. 2009a; Hopkins et al.
2010; Feldmann et al. 2010). In the simulations pre-
sented here we find that most stellar particles in massive
galaxies are formed at high redshift either far inside the
virial radius (. 3kpc) near the forming galaxy center or,
alternatively in small systems outside the virial radius of
the galaxy at a given cosmic time. We characterize the
first category of stars as made ’in-situ’ and the second as
accreted or formed ’ex-situ’. In-situ stars are made (by
definition) near to the galactic center over an extended
time period. They are made from dissipative gas and, for
massive systems, probably have relatively high metalicity
(Zolotov et al. 2010). The peak rate of star formation for
this category may be relatively early and in fact is very
early (z ≈ 4) for the most massive systems.
On the contrary, the accreted stars are typically made
at quite early times as well, outside the virial radius,
but added to the parent galaxy late in its evolution.
They are added typically at radii larger than the ef-
fective radius, r > reff , and are expected to be metal
poor, since they originated in lower mass, lower metal-
licity systems (Naab et al. 2009). The ex-situ stars ac-
crete via an energetically conservative process and their
final binding energy is transferred to other phases (gas,
stars, and dark matter) rather than simply radiated away
(Johansson et al. 2009).
This alternative way of envisioning galaxy formation
has many corollaries and makes many observed facts eas-
ier to understand. In massive systems we expect consid-
erable growth in mass and radius at late times but little
star formation, with the late forming stellar envelopes
comprised of stars which are typically older than the
stars in the bulk of the galaxy. Further we find system-
atic trends with galaxy mass. As one considers systems
of lower mass, the in-situ component becomes increas-
ingly dominant and the period of in-situ star formation
is stretched out from being a small fraction of the Hubble
time to a large fraction thereof.
The paper is organized as follows. In section 2 we
describe our simulations in detail, as there will be follow-
up papers using this set of simulations. In addition we
here discuss the conversion efficiency of gas into stars
for our simulated galaxies. In section 3 we examine the
dependence of the ratio of in-situ formed to accreted stars
on the galaxy stellar mass along with its implications.
We go on to analyze the half-mass radii of the different
stellar components of our simulated galaxies in section 4.
Finally, in section 5 we summarize our findings.
2. SIMULATIONS
2.1. The large-scale dark matter simulation
To find candidate dark matter halos for later refine-
ment we performed a dark matter only simulation of
a cosmological volume with a comoving side length of
72Mpc h−1 including 5123 dark matter particles with in-
dividual masses of mp = 2 × 108M⊙h−1. The box is
large enough to provide a representative piece of the
universe and the mass resolution fine enough to allow
us to reliably find dark matter halos with ∼ 103 par-
ticles being more massive than ∼ 1011M⊙h−1. The
initial conditions were created using GRAFIC1 and
LINGERS (Bertschinger 1995), assuming a ΛCDM cos-
mology with nearly scale-invariant initial adiabatic fluc-
tuations. The cosmological parameters are based on the
3-year results from WMAP (Spergel et al. 2007) with
σ8=0.77, Ωm=0.26, ΩΛ=0.74, h = 0.72 (≡ H0=100h
kms−1Mpc−1) and the initial slope of the power spec-
trum is ns=0.95. The initial conditions were then
evolved from a redshift of z ∼ 43 to z = 0 using
GADGET-2 (Springel 2005) with a fixed comoving grav-
itational softening length of 2.52kpc h−1. The simulation
data was stored in 95 snapshots separated by ∆a = 0.01
beginning at a cosmological expansion factor of a=0.06
(z ≈ 43).
At z=0 we identify halos with a friends-of-friends al-
gorithm and determine their centers using the shrinking
sphere technique (Power et al. 2003). We then use the
radius where the mean density drops below 200 times
the critical density of the universe (rvir ≡ r200) to mea-
sure the halo mass therein (mvir ≡ m200). This results
in a complete halo catalogue (nhalos = 41313) for halos
more massive than 2 × 1010M⊙h−1 which have proper-
ties typical for this kind of simulation (see Moster et al.
2010 for a detailed analysis of this simulation). In brief,
we show the dark matter halo mass function at z=0 and
z=2 in Fig. 1 along with the analytical prediction from
Sheth et al. (2001) where we find small variations at the
high mass end due to the limited boxsize. The corre-
sponding distribution of the dimensionless spin parame-
ter
λ′ ≡ J√
2mvirVcrvir
, (1)
defined by Bullock et al. (2001), is shown in Fig. 2. Here
J is the total angular momentum within rvir and Vc is the
halo circular velocity V 2c = Gmvir/rvir. The distribution
of angular momenta is consistent with previous simula-
tions (Bullock et al. 2001; Vitvitska et al. 2002) and can
be fitted with a log-normal distribution
P (λ′) =
0.01
λ′
√
2piσ
exp
(
− ln
2(λ′/λ′0)
2σ2
)
(2)
with best-fit values λ′0 = 0.038 and σ = 0.58.
2.2. Refined Simulations
For the higher resolution re-simulations of individual
halos we trace all dark matter particles that are closer
than 2× r200 to the center of the halo at z=0. Following
the halo back in time we include all particles in the trac-
ing process which are within 2×r200 of the halo center at
any given snapshot. This ensures that halo encounters
during the assembly of the halo of interest are always
resolved. We found this to be an efficient mechanism
to reduce contamination with massive boundary parti-
cles. The traced particles define the region for which we
have to generate higher resolution initial conditions. For
the cuboid enclosing this region we compute the short
wavelength modes of the perturbation spectrum using
GRAFIC2 (Bertschinger 2001). Based on the new spec-
trum we replace the low resolution dark matter particles
The Two Phases of Galaxy Formation 3
TABLE 1
Central Galaxies
ID m200a r200b m∗c mgasd mins/m∗e t∗f tinsg tacch t50i ngasj n∗k nhalo
l
0040 2676 486 36.0 4.13 0.231 10.8 9.90 11.1 2.73 579933 440633 2096930
0069 1775 424 35.6 3.13 0.218 10.8 8.66 11.4 6.37 354378 306742 1378352
0089 1064 358 37.7 2.58 0.163 11.0 9.91 11.2 4.75 214528 182465 826895
0094 1004 351 34.5 3.46 0.258 10.9 9.10 11.6 7.67 210596 164402 780411
0125 917 340 31.2 2.94 0.224 11.1 9.59 11.6 8.31 200865 146889 716832
0162 630 300 26.2 2.64 0.129 10.8 8.49 11.2 2.58 134454 106554 494315
0163 689 309 25.3 1.73 0.150 10.5 9.11 10.8 4.75 139297 119486 536504
0175 699 311 26.5 1.29 0.270 11.3 9.74 11.8 9.56 127745 117170 530274
0190 511 280 22.7 1.71 0.146 10.3 8.39 10.6 3.81 103075 98844 405894
0204 538 285 19.3 1.42 0.156 10.8 8.77 11.2 8.31 102722 99548 419003
0209 595 295 14.4 0.656 0.337 10.9 9.71 11.5 9.26 118459 97601 457580
0215 505 279 19.9 1.14 0.352 11.0 9.93 11.5 8.15 100251 87072 391385
0224 478 274 17.9 2.06 0.200 10.3 7.69 11.0 6.20 89336 91799 373489
0259 437 266 14.3 1.23 0.262 10.9 8.98 11.6 9.72 83945 81751 341491
0300 365 250 13.4 1.63 0.201 10.4 8.64 10.8 5.88 72180 64276 283964
0329 350 247 15.4 0.696 0.341 10.9 9.55 11.6 9.10 65296 63583 270652
0380 328 242 12.3 0.634 0.491 10.9 10.0 11.8 10.6 58842 56464 249316
0408 253 221 12.8 1.90 0.300 10.1 7.09 11.3 8.31 49561 50348 200794
0443 268 226 16.6 1.91 0.277 10.3 6.55 11.7 8.31 50289 52800 210493
0501 230 215 11.7 0.93 0.361 10.8 10.0 11.2 8.79 48521 40463 181178
0549 216 210 8.38 0.450 0.262 10.7 8.71 11.4 9.41 39034 39605 165346
0616 189 201 9.38 0.455 0.367 10.6 9.88 11.0 9.72 34520 37188 147962
0664 179 197 7.48 0.558 0.343 10.7 9.06 11.6 9.41 34393 30862 138039
0721 147 185 9.63 0.629 0.536 8.88 7.07 11.0 6.69 22910 34776 116680
0763 150 186 9.85 0.177 0.197 10.4 9.19 10.8 6.37 25283 34151 119180
0858 139 181 10.3 0.790 0.355 8.92 5.49 10.8 6.69 21022 33759 110365
0908 125 175 9.67 0.708 0.458 8.84 6.55 10.8 7.50 19927 33080 102025
0948 121 173 6.64 0.442 0.308 10.6 9.38 11.2 9.56 22627 23147 94475
0959 120 173 6.05 0.399 0.371 10.1 9.46 10.5 9.41 23591 23027 94670
0977 94.4 159 4.55 0.464 0.496 9.10 7.21 11.0 8.63 16592 20916 75143
1017 106 166 6.39 0.736 0.584 10.0 8.92 11.5 9.87 21049 20634 83999
1061 103 164 5.18 0.439 0.335 9.98 8.72 10.6 8.15 19196 20400 81076
1071 106 166 7.79 0.610 0.317 9.66 7.06 10.9 8.15 18696 24045 84818
1091 112 169 7.53 0.416 0.280 9.24 5.37 10.7 6.20 18487 26210 89119
1167 93.0 159 7.37 0.659 0.331 9.32 5.88 11.0 6.85 15966 22371 75141
1192 78.0 150 4.36 0.157 0.442 10.4 9.54 11.0 9.56 13041 15792 60404
1196 95.4 160 7.73 0.99 0.490 9.23 6.96 11.4 7.67 16839 20987 75883
1646 71.3 145 5.38 0.509 0.480 8.90 6.23 11.4 8.31 11143 16557 56264
1859 70.0 144 4.52 0.340 0.429 9.82 7.86 11.3 9.56 12355 16458 56488
Note. — all masses in units of 1010h−1M⊙, timescales in Gyr.
avirial mass, bvirial radius in kpc/h, cstellar mass inside r10 , dgas mass inside r10, eratio of in-situ to ex-situ created stars, fmean stellar
age , gmean stellar age of in-situ created stars, hmean stellar age of ex-situ created stars, ilookback time where 50 per cent of the final
stellar mass is in place, jnumber of gas particles inside r200, knumber of star particles inside r200, ltotal number of particles inside r200.
The horizontal bars indicate the separation into small, intermediate and high mass galaxies used throughout this paper
Fig. 1.— Dark matter mass Function (solid) of the (72h−1Mpc)3
box at z=0 (red) and z=2 (blue). The dashed lines show the pre-
diction of Sheth et al. (2001).
Fig. 2.— Spin parameter distribution for the dark matter box.
The green line shows the log-normal-fit with best fit values λ′0 =
0.038 and σ = 0.58.
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with dark matter as well as gas particles at higher resolu-
tion (Ωb=0.044, Ωdm=0.216). We only consider coherent
regions within the cuboid that actually contain traced
particles. Other regions as well as a ’safety margin’ of
1Mpc h−1 around the high-resolution cuboid are popu-
lated with particles from the original initial conditions.
To approximate the long range tidal forces, particles from
the original simulation being further away from the cen-
ter are merged, with the particle masses increasing as the
square of the distance from the region of interest. By this
and the inclusion of periodic boundaries tidal forces from
distant regions are accurately included in the computa-
tions.
We obtain amoeba shaped initial conditions (see Fig.
3) for which, on average, approximately 30% of the high
resolution dark matter particles end up inside the virial
radius at redshift z = 0 (see Power et al. 2003 and
in particular Jenkins 2010 for alternative ways of cre-
ating high resolution initial conditions). The particle
number in the boundary region is kept low enough to
perform the simulations in a reasonable time. For ex-
ample the most massive halo #0040 which has a to-
tal mass m200 of 2.7 × 1013M⊙h−1 at z = 0 took
∼ 23000 CPU-hours to evolve (3.8× 106 high-resolution
particles in dark matter and gas each). In the re-
simulations the particles in the high resolution regions
have a gas and star mass of m∗,gas = 4.2 × 106M⊙h−1
(we spawn one star per gas particle) and a dark mat-
ter mass of mdm = 2.5 × 107M⊙h−1 which is 8 smaller
than in the original simulation. The comoving grav-
itational softening length for the gas and star parti-
cles is 400pc h−1 and 890pc h−1 for the high resolution
dark matter particles, scaled with the square root of the
mass ratio (Dehnen 2001). Compared to some other re-
cent cosmological zoom simulations (Scannapieco et al.
2009; Governato et al. 2009; Piontek & Steinmetz 2009;
Feldmann et al. 2010) the resolution level of our simu-
lations at Mhalo ≈ 1012M⊙ is slightly lower. But while
these simulations are limited to a few halos in a small
mass range we performed a significantly larger number of
re-simulations of halos spanning a mass range of almost
two orders of magnitude. The present-day properties of
our re-simulated galaxies can be found in Table 1. Fi-
nally, we also performed a number of re-simulations at
higher resolution, i.e. with particle masses 8 times lower
and half the softening length. While increasing resolu-
tion can slightly change the individual accretion histories
of the galaxies, the global trends found in this paper re-
main the same.
2.3. Simulation details
The simulations presented here have been per-
formed using the parallel TreeSPH code GADGET-2
(Springel 2005) which calculates the gas dynamics us-
ing the Lagrangian Smoothed Particle Hydrodynam-
ics technique (SPH, see e.g. Monaghan 1992). The
code ensures the conservation of energy and entropy
(Springel & Hernquist 2002) and includes star formation
and cooling for a primordial composition of hydrogen
and helium, where the cooling rates are computed un-
der the assumption that the gas is optically thin and
in ionization equilibrium (Katz et al. 1996). Addition-
ally, the simulations include a spatially uniform redshift-
Fig. 3.— Central region of the initial conditions for halo #0408 at
z=43. The innermost region consists of the high-resolution gas and
dark matter particles (red and blue). The green particles are dark
matter particles taken from the original dark-matter-only run. The
outermost dark matter particles have increasing mass depending on
the distance, with sufficient resolution to represent the long range
tidal forces.
dependent UV background radiation field with a modi-
fied Haardt & Madau 1996 spectrum, where reionization
takes place at z ≈ 6 (Dave´ et al. 1999) and the UV back-
ground radiation field peaks at z ≈ 2 − 3. For a recent
detailed investigation on the effects of varying the back-
ground radiation field on the evolution of galaxies, see
e.g. (Hambrick et al. 2010).
For the star formation and feedback prescription
we use the self-regulated supernova feedback model of
Springel & Hernquist 2003. This models treats the
ISM as a two-phase medium (McKee & Ostriker 1977;
Johansson & Efstathiou 2006) where clouds of cold gas
are embedded in the hot gas phase at pressure equilib-
rium. Stars are allowed to form out of the cold gas phase
if the local density exceeds a threshold value (n > nth =
0.205cm−3) which is calculated self-consistently in a way
that the equation of state is continuous at the onset of
star formation. In this model the star formation rate
is set by dρ∗/dt = (1 − β)ρc/t∗, where β is the mass
fraction of massive stars (> 8M⊙), ρc is the density of
cold gas and t∗ is the star formation time scale set by
t∗ = t
0
∗(n/nth)
−1/2. The massive short-lived stars heat
up the surrounding gas with an energy input of 1051ergs
due to supernovae. In order to prevent spurious star
formation at high redshift we require an over-density of
∆ > 55.7 for star formation to set in.
2.4. The baryonic mass budget
Using similar parameters for zoom simulations has
been shown to result in galaxies with reasonable present
day properties (Naab et al. 2007, 2009; Johansson et al.
2009, 2010 in prep.). However, the employed star for-
mation prescription favors efficient star formation at
early times resulting in preferentially spheroidal systems
with old stellar populations, due to the strongly self-
regulated feedback which does not produce the super-
nova driven winds. Fig. 4 shows the conversion ef-
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Fig. 4.— Fraction of baryons that is converted into stars at red-
shift zero. The vertical dotted lines indicate the separation into
the different mass bins. The solid black line shows the results of
Guo et al. (2010b), the dashed line those of Moster et al. (2010).
ficiency of the simulated galaxies at the present day
f∗ = m∗/(fb ∗ mvir,dark) where m∗ is the stellar mass
within 10 % of the virial radius, fb = Ωb/Ωdm = 0.20
is the cosmic baryon fraction and mvir,dark is the dark
matter mass within the virial radius of the galaxy. There-
fore fb ∗mvir,dark is the amount of total baryonic matter
available in each halo and f∗ the fraction thereof that
is converted into stars in the central galaxy. This frac-
tion declines in a roughly linear fashion with the loga-
rithm of the halo mass from f∗ ≈ 0.5 for the smallest
halos (≈ 1011.9M⊙) to f∗ ≈ 0.15 for high mass halos
(& 1013M⊙) , still over-predicting by a factor of 2 the
estimation from recent models (see however ? who find
higher efficiencies for high mass galaxies) that are tested
by matching observed luminosity functions to simu-
lated halo mass functions (Moster et al. 2010; Guo et al.
2010b; Conroy & Wechsler 2009; Behroozi et al. 2010)
or weak lensing observations (Mandelbaum et al. 2006).
Note that a Salpeter initial mass function would increase
the ’observed’ conversion efficiency by approximately a
factor of two (?).
The physical processes probably responsible for this
discrepancy are well studied and it has been argued
that feedback from SNII is important for low mass sys-
tems (e.g. Larson 1974; Dekel & Silk 1986; Guo et al.
2010a) and feedback from supermassive black holes
dominates for high mass systems (Croton et al. 2006;
Di Matteo et al. 2008). Although this issue is rela-
tively well understood and many idealized calculations
have shown how these feedback processes can expel
the baryons from galaxies, there have been only a
few high resolution galaxy formation calculations, us-
ing cosmological initial conditions, beginning to mas-
ter the physics well enough to match either the winds
seen in forming galaxies or the final metal distribu-
tion between galaxies and the IGM (Scannapieco et al.
2008; Sawala et al. 2010). Some other calculations do
successfully allow for winds and for the consequences
these winds have on the galaxies and the surrounding
ISM (Springel & Hernquist 2003; Oppenheimer & Dave´
2008; Oppenheimer et al. 2010; Cen & Chisari 2010;
Wiersma et al. 2010; McCarthy et al. 2010). Our com-
putations do not generate significant winds at high red-
Fig. 5.— Stellar origin diagram for all stars within r10 at z = 0
in galaxy M0125. Every grey dot indicates the time when a stellar
particle was born and the distance, in units of the virial radius of
the main galaxy at that time, where it was born. The contours
enclose 90% (purple), 80%(turquoise), 60% (blue), 40% (green),
25% (orange) and 10% (red) of the stars, respectively. The blue and
red vertical lines show the virial radius and 10% of the virial radius,
respectively. There is a clear distinction between stars initially
formed in the galaxy and those formed outside the galaxy and are
accreted later on (78 percent of all stars).
(Dots excluded for file size reasons)
Fig. 6.— Same as Fig. 5 but for the low mass galaxy M1646.
There is significant in-situ star formation at the center even at low
redshift and significantly less accretion of stars. In this case only
52 per cent of the stars are accreted.
(Dots excluded for file size reasons)
shift (e.g. Steidel et al. 2010) and thus overestimate, by
roughly a factor of two, the condensed baryon fraction of
massive galaxies (Guo et al. 2010b; Moster et al. 2010).
This becomes worse if we extend the sample to lower
masses where the halo occupation models predict a sharp
drop off the conversion efficiency f∗. This is probably due
to the fact that ejective supernovae wind feedback, which
is not included in the present study, is most effective
in this regime. We are currently working to implement
physically valid feedback implementations to address this
problem.
3. THE TWO PHASES OF GALAXY FORMATION
The stellar particles ending up in the simulated galax-
ies at z = 0 are of two different origins. Some fraction
of the stars are made in-situ, within the galaxies, from
accreted gas and some fraction of the stars are made
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Fig. 7.— Same as Fig. 5 but for all galaxies in low mass halos
in the mass range 7.0 × 1011 − 1.3 × 1012h−1M⊙ (panel a), for
intermediate halo masses in the range 1.3×1012−4.5×1012h−1M⊙
(panel b), and for all high mass halos with 4.5 × 1012 − 2.7 ×
1013h−1M⊙ (panel c). The contours show the same percentiles as
in Figs. 5 and 6. The stars form in two phases, either inside r10 or
outside rvir as can be seen in panel d. Galaxies in low mass halos
have ongoing in-situ star formation (see Fig. 10) at relatively high
specific rates until the present day, whereas in the highest mass
group most star formation is complete by z=2.
Fig. 8.— Stellar mass assembly histories (solid lines) for low
mass (top), intermediate mass (middle) and high mass (bottom)
galaxies. The assembly is separated into in-situ stars (dotted line)
and ex-situ stars that are accreted onto the galaxy later on (dashed
line). The assembly of higher mass galaxies is more dominated by
in-situ formation at high redshift, however, the total fraction of
accreted stars by z=0 is higher (≈ 80%) for massive systems than
for low mass systems (≈ 60%).
ex-situ outside the galaxies and are accreted later on
(Naab et al. 2007; Johansson et al. 2009). The relative
amount of in-situ and ex-situ stars is found to vary sys-
tematically with galaxy mass. Two typical stellar origin
diagrams indicating this behavior are shown in Fig. 5
and Fig. 6.
To construct these diagrams we follow every star that
ends up within 10% of the present-day virial radius of a
simulated galaxy back in time. We use 10% of the virial
radius, r10, as a fiducial value for the extent of the stel-
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Fig. 9.— Average ratio of in-situ created stars that formed inside
the bins indicated by the vertical dotted lines out of gas that was
accreted cold to the total mass of in-situ created stars (dashed
line). The solid line shows the ratio of the stars created in-situ out
of cold gas to the total stellar mass growth, this includes in-situ
star formation as well as accretion. The error bars corespond to
the 1σ-dispersion.
lar component of a simulated final galaxy inside its dark
matter halo. Then we mark the time when a star was
born as well as its distance from the galaxy center in units
of the virial radius (at this time) with a grey dot. The
values are discrete in time representing the discrete snap-
shots. The contours in these plots encompass the small-
est number of bins that include 10, 25, 40, 60, 80 and 90
per cent of the stars, respectively. In Fig.5 we show the
stellar origin diagram for a massive system with a halo
mass of ∼ 1013M⊙h−1. At redshifts z > 2 there are two
separate peaks of star fomation: one inside r10, which is
in-situ star formation and another one outside the virial
radius of the system at that time. This indicates that a
significant fraction of the stars in the present-day galaxy
was made outside the galaxy and has been accreted later
on. For this system the in-situ star formation decreases
towards lower redshifts. Although there is ongoing star
formation until z=0 the contribution to the final galaxy
is negligible, since the contoured regions include 90 per
cent of all stars in the galaxy. For a lower mass system
with a halo mass of 7.1×1011M⊙h−1 the same analysis is
shown in Fig. 6. In this case the fraction of stars forming
ex-situ is lower and the contoured regions extend up to
the present day, i.e. in-situ star formation continues at
a significant level towards lower redshift.
In Fig. 7, we have stacked all simulated galaxies of our
sample into three mass bins (indicated by the horizontal
bars in table 1) with the same number of objects (13),
every star particle is weighted according to the total num-
ber of stars in its host galaxy, so that every galaxy has an
equal weight. The low mass bin contains galaxies with
halo masses in the range 7.0 × 1011 − 1.3 × 1012M⊙h−1
(panel a), intermediate mass galaxies have 1.3 × 1012 −
4.5× 1012M⊙h−1 (panel b) and high mass galaxies have
4.5 × 1012 − 2.7 × 1013M⊙h−1 (panel c). These plots
again demonstrate in a more statistical sense that the
stars ending up in the final galaxies form in two distinct
phases, namely in-situ in the galaxy and ex-situ outside
the virial radii of the galaxies (red vertical dashed lines).
The spatial division line between these two phases of star
formation is at about 10% of the virial radius indicated
Fig. 10.— Star formation histories for low mass (upper panel),
intermediate mass (middle panel) and high mass galaxies (lower
panel) for all stars that end up inside the galaxy at z = 0. The
solid black line shows the formation of the in-situ created stars,
the red dashed line the formation of the ex-situ stars and the green
dotted line shows the accretion rate of the ex-situ stars onto the
galaxy. The arrows on top indicate the time at which half the stars
are formed/added. The arrow at the bottom indicates the time at
which 50% of the final galaxy mass is assembled.
by the vertical blue dashed lines in Fig. 7. In addition,
there is a clear trend that low mass galaxies have rela-
tively more in-situ star formation at low redshift z < 1
than higher mass galaxies. For the most massive galaxies
the contribution from late in-situ star formation is rela-
tively small. Panel d shows a histogram for the formation
radii for all stars in all simulations. For this analysis we
use 45 logaritmically evenly spaced bins. We see two
peaks, for the in-situ created stars at log(r/rvir) ≈ −2.5
and for the ex-situ created stars at log(r/rvir) ≈ 0.6, re-
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Fig. 11.— From top to bottom: Fraction of in-situ stellar mass vs
total stellar mass inside r10, halo concentration and stellar density
inside R1/2 at z = 0. There is a clear trend that galaxies with less
in-situ star formation are more massive, have less concentrated
halos and lower density central regions.
spectively. A third peak appears between r10 and rvir
that is due to infalling substructure that is still star-
forming.
In Fig. 8 we show the average mass accretion histo-
ries for the stellar particles in the three mass bins sep-
arated into in-situ and ex-situ/accreted stars depending
on whether they have formed inside or outside 10% of
the virial radius. The galaxy growth is dominated for
all three mass bins by in-situ star formation until z ≈ 2,
when the mass of accreted stars equals the mass of in-situ
stars. By z = 0 about 41± 9% (we give mean values and
the 1σ-dispersion of the 13 galaxies) of the stars in the
low mass sample (top panel) have formed in-situ, the rest
were accreted. For the intermediate mass galaxies (mid-
dle panel) the fraction of in-situ stars is lower than for
the low mass sample of ≈ 33±10%, and 67% of the stars
were accreted. With 78 ± 7% the fraction of accreted
stars is even higher for the massive galaxies. On average
only 22% of the present-day stellar mass is formed in-situ
which is the dominant mode until z ≈ 2 but thereafter
contributes very little to the stellar mass growth.
Following Keresˇ et al. (2005) and Keresˇ et al. (2009a)
we examined whether the gas out of which the in-situ
stars are formed in our galaxies was ever heated above
Thot > 2.5 × 105K throughout the simulation. The re-
sults can be seen in Fig. 9. The dashed line shows, that
up to redshift 2, where in-situ star formation is still dom-
inating over accretion, almost all of the in-situ stars are
formed out of gas that was accreted cold. Only at later
times (0 < z < 2), when stellar accretion is the primary
source of stellar mass growth, in-situ stars are forming
out of cooling hot halo gas. At lower redshift the con-
tribution of in-situ star formation out of cold flows to
the total stellar mass growth becomes almost negligible
(dotted line in Fig. 9). The interpretation of the results
does not change when we instead of a fixed temperature
cut use a temperature threshold related to the current
halo virial temperature (see Keresˇ et al. (2005)). This is
in agreement with the previous results of numerical sim-
ulations (Keresˇ et al. 2009a) and analytical predictions
(Dekel & Birnboim 2006) that galaxy growth at high red-
shift (z ≥ 2) is dominated by cold accretion.
Fig. 10 illustrates the star formation and assembly
histories for the galaxies in the three mass bins. The
red dashed line shows the archaeological star formation
history of the accreted stars computed from the mass
weighted ages of the accreted stars at the present day.
All curves show a steep increase towards the peak at
z ≈ 4 at values of ≈ 25M⊙yr−1, ≈ 55M⊙yr−1, and
≈ 150M⊙yr−1 for the low, intermediate and massive
bin, respectively. This is followed by an approximately
exponential decline towards z = 0. The red arrow on
top indcates the time when half of the accreted stars are
formed. In all cases, i.e. at all masses this is at z ≈ 3.
The green dotted line shows when these stars are ac-
creted onto the galaxies. As this happens in mergers, the
curves show peaks. On average the rates increase towards
z = 2 and then stay relatively flat with average rates of
≈ 3.6M⊙yr−1, ≈ 8.2M⊙yr−1, and ≈ 17M⊙yr−1. The
green arrow on top indicates when half of the present-
day mass in ex-situ stars is accreted onto the galax-
ies. This happens around z=0.7-1.2 and therefore signif-
icantly later than the formation of these stars at z=3-4.
The black solid line shows the formation history of the in-
situ stars in the galaxies. This is most closely related to
the star formation rate that would actually be observed
in these galaxies. All curves peak at z ≥ 3.5 at rates
between ≈ 5 and ≈ 20M⊙yr−1. Independent of galaxy
mass all rates drop to ≈ 2− 3M⊙yr−1 at z = 1 and stay
constant to the present day similarly to the observations
of massive galaxies by Juneau et al. (2005). This results
in a specific star formation rate of 0.31±0.15, 0.18±0.15
and 0.053 ± 0.071 × 10−10yr−1 for the different mass
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Fig. 12.— Mean age of the stars inside r10 as function of galaxy
mass. High mass galaxies consist of older stars than the low mass
galaxies, recovering the phenomenon usually referred to as ’archae-
ological downsizing’ (tmean ∝ log M1.6∗ ).
bins. According to the definition by Franx et al. 2008
(SFR/m∗ < 0.3/tthub) the galaxies in the high mass
bin would correspond to quiescent galaxies. The time
when half of the in-situ stars are formed is indicated by
the top black arrows. This changes systematically with
galaxy mass from z=1.4 to z=1.9 and z=2.1, i.e. the in-
situ component is oldest for the most massive systems.
The black arrow at the bottom of the panels indicates
the time when half of the final galaxy was assembled.
For all galaxies this is around redshift z ≈ 1. Therefore
all galaxies double their mass since then. For low mass
systems the low redshift growth is dominated by in-situ
formation whereas for high mass systems it is dominated
by accretion of small stellar systems (Tiret et al. 2010).
In summary, at high redshift the assembly of galaxies
at all masses is dominated by in-situ star formation fed
by cold flows. The larger the galaxy mass the smaller
is the late contribution of in-situ star formation. At low
redshift, z < 1, the growth of low mass galaxies continues
by in-situ star formation and stellar accretion whereas,
massive galaxies grow predominantly by accretion of ex-
situ stars (see e.g. Feldmann et al. 2010; Naab et al.
2009).
In Fig. 11 we show interesting correlations of galaxy
and halo properties with the fraction of in-situ stars indi-
cating that this quantity is an important tracer of galaxy
assembly. Essentially, this ratio, mins/m∗, is a dimen-
sionless measure for the degree to which the galaxy was
formed by a dissipational versus a dissipationless process
(Lackner & Ostriker 2010). The fraction of the stellar
galaxy mass formed in-situ mins/m∗ is highest, up to
60%, for low mass galaxies and declines almost linearly
(despite some scatter) with increasing galaxy mass down
to ≈ 13% for the most massive systems in our simula-
tions which are the central galaxies of massive groups
(top panel of Fig. 11). This trend is very similar to
semi-analytical predictions (Khochfar & Silk 2006a) and
constraints based on halo occupation models combined
with isolated merger simulations (?). In the central panel
of Fig. 11 we show the fraction of in-situ mass versus the
concentration parameter c of the dark halo which is de-
fined as the ratio between r200 and rs, where rs is the
scale radius for an NFW fit (Navarro et al. 1997) of the
density profile:
ρ(r) =
δcρcrit
(r/rs)(1 + r/rs)2
(3)
For the fit we binned the halo into 32 spherical
shells equally spaced in log10(r) between r200 and
log10(r/r200) = −2.5 similar to Grossi & Springel (2009).
We see a continuous change of the dark matter halo
concentration. As expected from the effect of adia-
batic contraction galaxies with significant in-situ star
formation, i.e. more dissipation, live in more con-
centrated halos (Blumenthal et al. 1986; Dubinski 1994;
Jesseit et al. 2002; Debattista et al. 2008; Gnedin et al.
2004; Abadi et al. 2010; Auger et al. 2010). The concen-
tration of more massive halos does not increase signif-
icantly as the matter is added predominantly in stellar
form and cannot dissipate (see e.g. Johansson et al. 2009
and references therein), i.e. the adiabatic contraction ap-
proximation cannot be applied for massive galaxies. The
bottom panel in Fig. 11 shows the stellar density inside
the spherical half-mass radius versus the ratio of in-situ
created stars of the galaxies. The two properties are cor-
related in the sense that galaxies with a large fraction of
accreted stars have lower central densities, a well known
property of elliptical galaxies (e.g. Bender et al. 1992).
Fig. 10 gives a clue to the paradox of ’downsiz-
ing’. The initial expectation was that in a hierarchi-
cal universe, since more massive halos statistically are
formed later than less massive ones, the same should
be true of galaxies. But we know that this is not true
observationally (Nelan et al. 2005), giant ellipticals are
older - not younger - than lower mass systems (see e.g.
Thomas et al. 2005). Our simulations give the same re-
sult as can be seen from Fig. 12, the most massive sys-
tems are made out of the oldest stars. The inclusion of
galactic winds would probably lead to less efficient star
formation at high redshifts and leave more gas for late
in-situ star formation especially in the lower mass sys-
tems, rendering these galaxies even younger. This would
lead to an even steeper relation than the one shown in
Fig. 12. The explanation of the paradox is obvious:
The accreted stars are typically made in smaller systems
and these small systems are in fact made at early times
(dashed red curves in Fig. 10). Massive galaxies are
more dominated by the accreted stars and so by z=0 they
contain primarily old stars, although the galaxies them-
selves are assembled late. De Lucia et al. 2006 obtain
the same result with their semi-analytic model. This way
the expectation from hierarchical structure formation is
satisfied. Both our simulations and the observations of
van Dokkum et al. (2008) agree: even at late times mas-
sive galaxies continue to grow in mass and size.
4. GALAXY SIZES
The left panel of Fig. 13 shows the present-day spher-
ical half-mass radius for the different components of our
galaxies. The size of the in-situ component shows a very
weak trend with galaxy mass. For the low mass galaxies
the half-mass radii of the in-situ and the accreted stars
are of similar size. While the in-situ component does
not get larger than ≈ 3kpc h−1, the half-mass radius of
the accreted stars is strongly increasing with galaxy mass
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Fig. 13.— Left panel: Stellar mass inside 10% of the virial radius vs. spherical half-mass radius of accreted (green diamonds), in-situ
(black triangles) and all stars (red squares), respectively. The dashed lines show the results of a linear fit for the respective components
(r1/2 ∝ log M
α
∗ , with α = 7.5, 6.1 and 1.1 for the accreted, total and in-situ stars, respectively). While the half-mass radius of the
accreted stars strongly increases with mass, the half-mass radius of the in-situ formed stars shows only a weak dependence on galaxy mass.
The mass-size relation is driven by the by the accreted stars. Right panel: This plot shows the spherical half-mass radii of the galaxies
as a function of the ratio of accreted to in-situ created stars. The size increase of the galaxies is roughly linear dependent on this ratio
(r1/2 ∝ 0.97 ∗Macc/Mins).
and since the fraction of accreted stars rises with galaxy
mass as well, the global half-mass radius of the galax-
ies follows this trend. In our simulations the majority of
the in-situ created stars are formed in the bulges of the
galaxies. Stronger feedback mechanism would probably
lead to more star formation in galactic disks resulting in
larger radii of the in-situ component. The half-mass ra-
dius of the accreted stars should not be affected by this.
The right panel of Fig. 13 shows the galaxy radii versus
the ratio of accreted to in-situ created stars. We find an
almost linear trend. Fig. 13 shows, that stellar accretion
is the dominant mechanism for the size growth of mas-
sive galaxies. For most of our systems the accretion of
stars is significant at low redshifts, as seen in Fig. 10,
especially for the high mass galaxies. Half of the total ac-
creted stellar mass is added to the galaxies between red-
shift one and the present day which leads to considerable
size increase at late times. Consistent with this pictures
are the observations from e.g. van Dokkum et al. (2008)
and others that show a significant growth between red-
shift z = 3 and z = 0 for quiescent early type galaxies.
A detailed analysis of this effect will be presented sepa-
rately. We give, in Naab et al. (2009) a simple argument
based on the virial theorem showing how late accretion
of low mass satellites (’minor mergers’) will lead to the
rapid growth in galactic size.
5. SUMMARY AND DISCUSSION
We present results from 39 cosmological re-simulations
of dark matter halos including gas and star formation
covering a mass range of almost two orders of magnitude
in virial mass. In the study presented here we used the
simulations to investigate fundamental formation and as-
sembly processes, i.e. how and when do galaxies get their
gas and stars, and how does this influence the present day
galaxy properties.
We have shown that it can be useful, at a very ba-
sic level, to distinguish between stars that are created
inside the galaxies themselves (in-situ) and those that
are created outside (ex-situ) and are accreted later on.
The division into these two separate phases is quite clean
(see Fig. 7) with the in-situ stars typically formed closer
than r/rvir ∼ 10−1, i.e. within the galaxy, and the ex-
situ stars formed outside the galaxy at r/rvir ∼ 100.5 to
10. Independent of galaxy mass we find that the forma-
tion of the accreted stars peaks at redshift z ≈ 4. The
in-situ star formation as well has an early peak but ex-
tends over a longer period of time. The ratio of stars
that are created in-situ to the accreted stars, however
varies strongly for galaxies of different masses. We find
that for massive galaxies (∼ 1.9− 3.6× 1011h−1M⊙) the
contribution of in-situ and accreted stars becomes com-
parable early (z ≈ 2) and the accreted stars can account
for up to 87% of the final stellar mass. The lower mass
galaxies (∼ 4 − 10 × 1010h−1M⊙) still can have a high
fraction of in-situ formed stars up to 60% at the present
day. They show a significant amount of in-situ star for-
mation throughout the whole simulation time. The large
difference in time when those accreted stars are actually
formed and when they are finally assimilated by their
host, together with the trend shown of the ratio of in-
situ formed stars explains the phenomenon of ’downsiz-
ing’ (see also (De Lucia et al. 2006) for semi-analytical
simulations). The more massive galaxies consist mainly
of accreted and therefore old stars leading to the depen-
dence of mean stellar age to galaxy mass shown in Fig.
12. The massive galaxies in our sample assemble about
half their mass below a redshift of z=1. This mass in-
crease, caused by stellar accretion and merging, is not
accompanied by significant star formation, can be a sig-
nificant contribution to the observed increase of stellar
mass in the early-type galaxy population since z=1 (see
e.g. Brown et al. 2007; Faber et al. 2007).
We find that the accreted stars are primarily responsi-
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TABLE 2
The assembly of stars in massive galaxies
In-situ Accreted
Epoch 6 & z & 2 3 & z > 0
Baryonic mass source cold gas flows minor & major mergers
Size of region r1/2 ≈ 2kpc r1/2 ≈ 7kpc
Energetics Dissipational Conservative
ble for the low redshift size increase in massive galaxies
(see e.g. Hyde & Bernardi 2009). When looking at the
half-mass radii of the galaxies and the half-mass radii of
the in-situ created and accreted components, we find that
the half-mass radius of the in-situ created stars is only
weakly dependent on the galaxy mass and is quite small
(. 3kpc h−1). This component forms at redshift z > 2
and makes the compact cores of the galaxies (see e.g.
van Dokkum et al. 2008 and references therein). The
larger sizes of galaxies with larger mass are mainly due to
the accreted stars creating an outer envelope with half-
mass radii exceeding 8kpc h−1.
Our simulations overestimate the stellar mass of the
galaxies by roughly a factor of 2. This is probably due to
the lack of ejective and preventive feedback mechanism in
our simulations. The stars that are accreted as well as the
early formed in-situ stars are generated in small systems
where winds are most effective and lead to lower star
formation rates and therefore lower accretion rates at
lower redshifts. The late in-situ star formation should be
diminished by AGN feedback particularly in the massive
systems. It will be worthwhile to investigate whether
and how the inclusion of those processes could influence
the presented balance of in-situ star formation to stellar
accretion.
The description of galaxy formation as a two phase
process followed in a seemingly natural way from
our detailed hydro simulations and is organized into
a coherent scheme in Table 2. It is not intended
as a rival to other ways of seeing galaxy formation
but rather as a framework within which the physical
processes can be understood in a straightforward way.
Early, in-situ star formation is clearly similar to that
resulting from the ’cold flow’ picture (Dekel et al.
2009a; Keresˇ et al. 2005) or the earlier descriptive term
’dissipative collapse’. In fact the in-situ phase bears an
uncanny resemblance to the ’monolithic collapse’ model
(Eggen et al. 1962; Partridge & Peebles 1967; Larson
1969; Searle et al. 1973; Larson 1975). The late assem-
bly phase of massive galaxies has many aspects similar
to the ’dry merger’ paradigm investigated by many
authors (Khochfar & Burkert 2003; Khochfar & Silk
2006b; Naab et al. 2006; van der Wel et al. 2009;
Bezanson et al. 2009; Nipoti et al. 2009b) with the
added qualification that most of the accreted stellar
systems are low in mass compared to the final assembled
i.e. minor mergers dominate. There appears to be
recent archaeological (Coccato et al. 2010) and direct
observational for this scenario. van Dokkum et al.
(2010) conclude that massive compact galaxies at z=2
(the end of the in-situ phase) have increased their mass
at radii r > 5kpc by a factor of ≈ 4 since z=2 with the
mass at smaller radii being essentially unchanged.
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